Evaluation of Gravel Excavation on Ground Water Movement and Quality by Kothari, Nilaksh
South Dakota State University 
Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange 
Electronic Theses and Dissertations 
1985 
Evaluation of Gravel Excavation on Ground Water Movement and 
Quality 
Nilaksh Kothari 
Follow this and additional works at: https://openprairie.sdstate.edu/etd 
Recommended Citation 
Kothari, Nilaksh, "Evaluation of Gravel Excavation on Ground Water Movement and Quality" (1985). 
Electronic Theses and Dissertations. 4279. 
https://openprairie.sdstate.edu/etd/4279 
This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research 
Access Institutional Repository and Information Exchange. It has been accepted for inclusion in Electronic Theses 
and Dissertations by an authorized administrator of Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu. 
EVALUATION OF GRAVEL EXCAVATION ON GROUND WATER 
MOVEMENT AND QUALITY 
BY 
NILAKSH KOTHARI 
lOUTH DAKOTA STATf UNJVfRSITY LIBRARY. 
A thes i s  submitted 
in pa rti a l  fulf illment of the requi reme n ts for the 
deg ree Master of Sc ie nce 
Major in Civil Engi nee ri n g  
South Dakota State Un ive rs i ty 
1985 
EVALUATION OF GRAVEL EXCAVATION ON GROUND WATER 
WATER MOVEMENT AND QUALITY 
This thesis is approved as a creditable and independent investiga-
tion by a candidate for the degree, Master of science, and is acceptable 
for meeting the thesis requirements for this degree, but without 
implying that the conclusions reached by the candidate are necessarily 
the conclusions of the major department. 
/ Dr.James N. Dornbush 
Thesis Adviser 
D,t;.Dwayne A.Rollawf -




The author w ishes to  express  s incere grat itude to Dr. James N. 
Dornbush and Dr. Dwayne A. Ro l l ag, for the ir sugges t ions, guidance, 
technical as s is t ance, and encouragement throughout the invest igat ion. 
The as s is t ance o f  D r . Rob e rt Lacher is grat e fu l ly acknow l eged for 
couns e l  and aid dur ing the s t at ist i c a l  eva luat ion o f  the dat a . 
The aid o f  Jim Rasmus s en and Richard Whits ton dur ing the init i a l  
stages o f  this s tudy i s  acknow l edged. 
This res earch inves t igat ion was part ial ly supported by funds 
provided by United State D ep artment of Interior through the South Dakot a  
State Univers ity ·wat er Resources Inst itut e, a s  author ized under the 
Wat er Res earch Act o f  1978, Pub l ic Law 95-467. This s tudy was a l s o  
supported in part by C ity o f  B rookings and B rookings Ut i l it ies. 
TABLE OF CONTENTS 
INTRODUCTION. • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • . • • • • • • • • . 
LITERATURE REVIEW • • • • • . • • • . • • • • • • • • • • . • • • • • • • • • • • • • • .  
The Big Sioux Aquifer . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Ground Water Movement . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Direction of Ground Water'Movement . . . . . . . . . . . .  . 
Fluctuations of Ground Water Levels . . . . . . . . . . .  . 
Influence of Surface Water on Ground Water 
Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
EX PER I MENTAL APPROACH • • • • • • . • • • • • •  ·• • • • • • • • • • • . • • • •  
Establishing Vertical Controls . . . . . . . . . . . . . . . .  . 
Well Point Information . . . . . . . . . . . . . . . . . . . . . . . .  . 
Water Level Information . . . . . . . . . . . . . . . . . . . . . . .  . 
Sampling Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
PRESENTATION AND DISCUSSION OF DATA • • • • • • • • • . • . • • 
Ground Water Movement . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Fluctuations of Piezometric Surface . . . . . . . . . . . . 
Influence of Surface Water on Ground Water 
Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .  . 


















SUMMARY AND CONCLUSIONS • • • . . • . . . • . • • . . . . . . • . . . • . • .  49 
RECOMMENDATIONS • • • • • • • . . . . • . . . . . . . . • • • • • • • • . • • • • . • . •  51 
LITERATURE CITED • • • • . . • • . . • • • . • • • • • • • • • . • . . • • • • . • • • • •  54 
APPEND IX A • . • . • • • • • • • . • • • • • • • . • . • . • • • • • • • • • • • • . . • • . . • • •  57 
APPENDIX B • . • . . • • • • • . . • • . • • • • • • . • • . • • • • . • • • • • • • • • • • • • • •  61 
APPENDIX C • . •  63 
APPENDIX D . • • • • 65 
APPENDIX E • . • . • . . .  67 
List of Tables 
Tab l e  Page 
1o Surface water e l evat ions at pond 7 and 
pond 8 at the mun i c ip a l  go l f  cours e ,  
August 18, to November 06, 1984. •o •••••••• 0 ••••• 31 
2. Water tab le e l evat ions at we l ls 7A and 
7B and pond 15 at B rookings l andf i l l , 
October 19 and November 04 1984 ... . ......... o. •o 34 
3. Maximum wat er e l evat ions obs erved for 
we l ls 5 and 7A in B rookings l andf i l l ,  
1961 to 1984. 0 •• 0 0 • 0 ••••••• 0 ••• 0 • 0 • 0 ••••• 0 • • • • • • 38 
L i st Of Fi gures 
Figure 
1 .  Map showing locat ion o f  the B ig S ioux River 
bas in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
2. Us e o f  wate r  t ab l e  e l evat ions at three we l ls 
to dete rm ine direct ion o f  the ground wat er 
3. 
4 .  
5. 
6 .  
7. 





movement . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .. . .  . 
Topographi c  map o f  area s outheas t of B rookings , 
South Dakota in 1964 showing no grave l excava­
t ion and 1981 ( updat ed to 1984) showing ponds 
formed due to excavat ion near wat er t reatment 
p l ant, go l f  cours e  and s an itary l andf i l l  . . . . . .  . 
Aer ial  photograph o f  grave l excavations s outh-
east o f  B rookings , South Dakota . . .. .. . .. . . . . . .  . 
Map showing l oacat ion o f  ponds formed due to 
grave l excavat ion s outheast o f  B rookings , South 
Dakota . . . .. . .. . . . . . . . . .. . .. . . . . . . . . . . . . . . .. . . . . 
Locat ion o f  sur face wat er ponds , and SDGS we l l s 
at s anitary l andf i l l  B rookings , South Dakota . . .  
Topographi c  map o f  area east o f  Brookings city 
showing l ocat ion of we l ls BG 77S , BG 7 7R , and 
and BG 79D at B rookings , South Dakot a ... ...... . 
Topographic map o f  area s outheast o f  B rookings , 
South Dakot a in 1981 ( updated to 1984) showing 
ponds creat ed by grave l excavat ions near wat er 
t reatment p l ant , go l f  cours e and l andfi l l  .. ... . 
Contour map o f  ground water e l evations s outh-
eas t  of B rookings on S ept ember 18, 1984 . . . . . . . . . 
Graphical rep r e s entat ion o f  the f luctuat ions 
in surface water e l evat ion for pond 2 and 
pond 5 - Augus t 18 to  November 06, 1984 . . . . . . .  . 
Contour map o f  ground water e l evat ions at the 
s anit ary l and f i l l  B rookings , South Dakota on 
Sept ember 18, 1984 . . . ... . . . . . . . . . .. . . . . . .  · . . . . .  . 
Long term var iat ions o f  ground water e levat ions 
at we l l s BG 77S , BG 7 7R and BG 79D from 1978 














13. Week ly var iat ion in total hardnes s for Brookings 
we l ls , treated wat er and grave l pit water -
Ju ly 5 through October 30, 1984 . . . . . . .. . . . . . . . .  4 1  
14. Weekly variat ion in tota l hardnes s , a lka l inity 
and pH for B rookings we l l s ,  t reated wat er and 
grave l pit water - July 5 through October 30 
1984. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 
15. Weekly variation in iron and manganes e for the 
Brookings we l ls ,  t reated water and grave l p it 
water July 5 through October 30 1984 . . . .. . . .. . . 45 
16. Weekly var iat ion in pH for B rookings we l ls , the 
treated wat e r  and grav e l  p it water - Ju ly 5 
through Octobe r  30 1984 ........................ 47 
17. Locat ions recommended for estab l ishing we l l s  in 
future .. . .. . .. .  -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
INTRODUCTION 
The resource ground wat e r  is used by nearly one -ha l f  the 
nat ion's popu l at ion for dr inking purpos es , and 70% of al l ground wate r  
used is f o r  irrigat ion (1-68). Yet, surpris ingly protect ion o f  the 
ground wat er r es ource is not covered by a s ing l e  federal act. Cons eq ­
uently ground wat e r  is a subj ect o f  w idespread mis concept ions. The s e 
mis concept ions have advers e ly affected the deve lopment , cons ervat ion and 
qual ity o f  the ground wat e r. 
In the mining areas detailed informat ion on the hydro logic 
env ironment is needed due to  recent mining regu l at ions ( 2 -137). In 
Brookings county of S outh Dakot a ,  l arge scale grave l excavat ions have 
occurred during the l as t  twenty years . Thes e  excavat ions have c reat ed 
large ponds in the area. The mining regu lat ions require that natural 
ground mus t  be returned to its app roximate or iginal cont our ( 3 - 202). 
The South Dakota cod i f ied laws chapter 45 -6-67 states " any 
disturbance to the prev a i l ing hydro logic balance of the a f fected l and 
and of the surrounding areas and to the qua l ity and quant ity in surface 
and ground water sys t ems both dur ing the p it operat ion and dur ing 
rec l amat ion sha l l  be m in im ized". At pres ent , enough information is not 
ava i l ab l e  to accurat e ly det ermine the e f fect of grave l excavat ion on 
ground wat er movement in thes e sha l low aquifers. 
The C iv i l  Engineer ing Department o f  South Dakota State Univers ity 
in June 1984, with support from the C ity o f  Brookings and the Wat er 
Resources Inst itut e at South Dakota S t at e  Univers ity , undertook a 
res earch proj ect to determine the inf luence o f  l arge - s c a l e  grave l 
excavat ion on ground wat e r  movement and qua l ity. 
The res earch p res ent ed here in has the fo l lowing spec i f i c  
object ives : 
(a) To eva luate the e f fect o f  l arge s ca l e  grave l excavat ion 
on the ground wat e r  movement , 
(b) To compare l ong t e rm var iat ion o f  ground wat er l eve l s  o f  
we l ls at s e l ected ground wat e r  obs ervat ions , and 
(c) To eva luate the raw and t reat ed water qua l ity data f rom 
the B rookings water treatment p l ant with the comparab l e  
water qua l ity data from Ever i s t  Inc . pond formed due t o  




The B ig S ioux Aqui fer 
The B ig S ioux aquifer is an unconf ined , shallow ground wat er 
system that connects the B ig S ioux R iver , its t r ibut ar ies and many lake 
areas in eas t e rn South Dakot a. The B ig S ioux aquifer is a maj o r  glacial 
dr i ft aquifer. The B ig S ioux River bas in has a tot al area o f  9000 s quare 
m iles , extending in eastern South Dakot a ,  s outhwest ern M innesota and 
northwestern I owa- as s hown in F igure 1 (4-3) . The B ig S ioux Aquifer 
ext ends mos t  o f  the length o f  the bas in. 
The drift o f  the B ig S iou� aqu i fer is compos ed o f  two maj or 
or igins ( a) t ill and ( b) outwash (S-3) .  Till is an uns t r at i f ied and 
unso rt ed mixture o f  mat erial ranging in s ize from bou lders to clay , and 
is r elat ively impermeable . It is depos ited directly by the gla c i a l  ice. 
Outwash was formed when f l ow ing melt wat er f rom glac iers. washed away the 
clay and sorted out grave l ,  s and and coar�e s ilt from the t il l . Outwash 
is very permeable and s tores large quant ities o f  wat er. It a l s o  y i e lds 
large amounts o f  water when pumped. 
The thicknes s o f  the outwash layer ranges from a few feet to about 
one hundred feet . The average thickness  of the saturat ed zone is about 
twenty feet . I t  is e s t imat ed that the aqu ifer stores about f ive to s even 
million acre feet of wat er , and about 1. 6 to 2 . 5  mil l ion acre feet o f  
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Figure J. Map showing l ocation of the Big Sioux River Basin (3�3}, 
The B ig S ioux aqu i f e r  is recharged by the infi ltrat ion o f  
precipitat ion and s eepage from the B ig S ioux River and i t s  t r ibuta r i es. 
The dis charge is by evapotransp irat ion, and by s e epage to  the B ig S ioux 
River and its tributar ies. D is charge is als o  due to l arge quant it ies  o f  
wat er us ed for munic ipal and rur a l  wat er sys t ems, irr igat ion and 
indus t r i a l  us es. 
The movement of the shal l ow ground water conforms to  the gener a l  
topography o f  the ground surfac e. The movement o f  ground wate r  is 
usually from the edge o f  the aqui fer towards the r iver channel in a 
hor izontal patt ern, except for b r i e f  per io�� when s t ream water l evels 
are higher than aqu i f e r  water l evels. The bas ins topography c r e ates  a 
general f low pattern from no rth to  s outh ( 5 - 7). 
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The Eas t Dakota Cons ervancy Sub - D is t r ict did an int ens ive s t udy o f  
the chem ical qual ity o f  ground wat e r  i n  The B ig Sioux aqu i fer. I t  was 
concluded that the general chemical quality of B ig S ioux aqu i fer i s  
good, except that the wat e r  i s  hard, and iron and manganes e concent r a ­
tions a r e  high . H igh nit rate leve ls  were als o  found, but were att r ibuted 
to poor we ll locat ion ( 5 -3) . 
Ground Water Movement 
Ground water is in mot ion as a result of natural and man - made 
influences ( 6 -13 . 7) .  I t  is ther e fore desirable to det erm ine the 
direct ion of ground wat er movement to understand the hydrau l ic · 
princ ip l es governing the ground water f low. Gravity is the dominant 
driving force in ground wat er movement , that is the d i f ference in head 
o f  wat e r  between two p o ints is a maj or factor in the ground wat er 
movement ( 7 -56) . The ground wate r  f low occurs from l eve l s  o f  h ighe r  
energy to leve l s  o f  lower energy , the energy being the result o f  
e l evation and pres sure ( 8 -156) . The ground water f low is es s ent i a l ly 
l am inar becaus e of the relat ive small ground wat er ve loc it ies. 
Darcy's l aw app l ie s  to  f low o f  ground wat er and i s  exp r es s ed 
mathemat ical ly as : 
6 
where "Q" is the rate o f  f low ,  "h1-h2 " is the d i f ference in hydros t at ic 
head between two po ints , "d l " is the length o f  f low between two po int s , 
"K" is the hydrau l i c  conduct ivity o f  the aquifer material  and "A " i s  the 
cros s - s ect iona l area in the direct ion o f  the f low . ( 9-37) . 
A l t hough Darcy's l aw w i l l  ho ld for every point within porous 
media , permeab i l ity is an average va lue becaus e o f  the wide variat ions 
that occur in granu lar depos its (10 -86). It shoul d  be unders tood that 
actual ve loc ity o f  f l ow o f  ground wat er wi l l  be subs tant ia l ly d i f f erent 
from thos e c a l cu l ated with Darcy ' s express ion. 
The dominant direct ion o f  ground water movement is hor izont a l  in 
the decreas ing head. The f low t ends to be mo re concent rat ed in areas 
wher e  interst ices are l arger and bett er connected. E s s ent ia l ly , ground 
wat e r  t ends to fo llow the path o f  l east res istanc e and tends t o  
concentrate i n  s ect ions which have h igh p�rmeab i l ity (11 - 2 71) . 
Ground wat e r  movement is a three dimens iona l ·phenomenon. �e wat er 
moves along the gradient· o f  wat e r  tab l e , downward f rom the wat e r  tab l e  
7 
at considerab l e  depth and again upwards towards the water t ab le at other 
p l aces. The three dimens ional  phenomenon can be demonstrated by 
introduc ing a tracer at a po int into a f l ow through porous media. The 
t racer dispers es both longitudina l ly and l atera l ly as it trave l s  
downs tream. D ispers ion i s  a hydrodynamic phenomenon result ing from 
s everal smal l velo c ity changes in l am inar f low and diffus ion . The 
longitudinal dispers ion is s everal t imes the lat era l ,  and the t racer 
appears like an expanding el l ip s o id as  it moves downs t ream from the 
po int of inj ect ion ( 6 -13.12) . 
D irect ion Of Ground Water Movement -----
B ecaus e ground wat er movement is s low , it is difficult to 
determine the direct ion o f  ground water flow. Since the movement o f  
ground water i s  from point s o f  h igh head t o  low head , the e levat ion at 
any point in the wat er tab l e , under s t eady state condit ion , is equal to 
the energy head (12 - 8 7) . 
The direct ion o f  ground wat er flow is determined by drawing a 
contour map , which connects po ints o f  equa l head (13 -170) . The 
const ruct ion of water t ab l e  contour maps is known as the cartographi c  
method (11 -382). I n  areas where data i s  not ava i l ab l e  t o  cons t ruct 
contour maps , a gene ral  direct ion o f  ground wat er f l ow can be obtained 
by plott ing data o f  three we l l s . The f i eld measurement data can be 
p l otted as shown in F i gure 2 .  The under f low is always at a r ight ang l e  
t o  contour l ines , hence a ground wat er contour map shows the direct ion 
of the ground water . The ground wat er movement be ing a lways in the 
Direction 







Ftg ure 2; Use of water tab l e  e l evation at three we i I s  to 
determine ·d t rect t on o f  ground water movement (13-10 ). 
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direct ion o f  decreas ing head , the hydrau l i c  grad ient can be determ ined· 
from the contour map , i f  data for at l east three we l ls are ava i lab l e , 
and are locat ed in any t r i angu lar arrangement (14 -10). 
According to Darcy's l aw ,  the rate o f  f low is propo rt ion a l  t o  
9 
the hydrau l ic gradient , the contour map be ing a graphica l repre s entat ion 
of hydrau l ic gradient wi l l  be us e ful  to re f l ect a change in p e rmeab i l ity 
of an aquifer (10 -30). In gener a l , a f l at gradient region or areas w ith 
w ide contour spacing w i l l  have higher permeab i l ity , than tho s e  are as 
which have narrow spac ings. 
Several  other methods are a l so us ed t9 determine the d i r e ct ion o f  
ground water f low. The mos t  f requent ly us ed methods , other than 
c artographic , are t racers and f low meters (11 -382). 
Tracers can b e  used in three d i f f erent methods to determine the 
dire ct ion of ground water movement . The f irs t method invo lves a network 
o f  obs ervat ion we l l s. The t racer is inj ect ed into a bore ho l e  upst re am 
from the network o f  the obs ervat ion we l ls . The downs t r e am we l l  which has 
the maximum concentrat ion of the t racer is cons idered to be the dominant 
d irect ion o f  ground water f low. The tracer used shou ld be abs ent from 
natural ·ground wat er , detectab l e  in low concentrat ions and shou ld not 
react with e ither aqu i fer mat er ia l  or water. Wat er s o lub l e  dye such as 
s odium f luores cein can be us ed , as it can be det ect ed by co lor ime t ry 
(11-380). 
The s econd method invo lves us e of radioactive materia l s , which are 
natura l ly occur ring , l ike radiocarbon and tritium. ·For examp l e , tr it ium 
occurs in ra in wat e r , and hence in ground wat er. S ince the decay rate o f  
trit ium is expres s ed as an exponentia l funct ion , a re l at ions h ip c an be  
formed to det erm ine the d irect ion o f  ground wat er movement ( 11 -38 2). 
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The third method invo lves a radioact ive isotope and a we l l. A 
radioact ive is otope is inj ected into the we l l  at a certain depth. The 
ground wat e r  current wou l d  carry the isotope to the lee  s ide o f  the 
we l l ,  where it is part i a l l y  abs orbed by the cas ing o f  the we l l. A 
gieger counter is l owered in the we l l  at the s ame depth and rotated 360° 
. The ground water f low is in the direct ion where the g i ege r - count e r  
shows the maximum read ing. 
In areas where h igh ground water ve locit ies are invo lved the 
direction o f  ground wat er is det ermined directly by f l ow met ers. This 
method can only be us ed in f i s s ured rock. In this method , the f low meter 
is s low ly rotat ed unt i l  a max imum reading is obtained. At thi s  point the 
f low -meter is a l igned a long the main axis of ground wate r  f low ,  whi ch is 
the direct ion of ground water movement. However this is the d i rect ion o f  
ground water ups tream f rom whe re f low i s  recorded (11 -383). 
F luctuat ions of Ground Water Leve l s  
I n  gener a l , ground water l eve l is never constant even i n  regions 
where the ground wat er is not under the direct inf luence of wat ercours es 
whi ch are subj ect to sudden changes in stage (12 - 2 18). The water leve l 
f luctuations can be  c l as s if i ed into two maj or types : ( a) long -term 
f luctuations o f  ground wate r  l eve ls and (b) short-term fluctuat ions o f  
ground water leve l s  (10-49). 
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Long-term var iat ions , a l s o  ca lled s ecu l ar or c l imat ic var iat ions , 
are thos e extending over a per iod o f  s evera l years or more. The changes 
in water l eve ls  are determined by repeated measurement of depth of wat er 
in obs ervat ion we l ls b e l ow a permanent reference point . For examp le ,  
changes in water l eve l s  o f  a we l l  can be recorded by cons idering the top 
o f  the cas ing as a permanent re ference po int. 
The re lat ionsh ip between rain fa l l  and ground wate r  is very 
comp l ex. I t  depends on rain fa l l  intens ity and dis t r ibut ion and the 
amount o f  surface run - o f f  ( 6-13.33). The ground wat er l eve l var iat ions 
dur ing a year vary in a fair ly regu l ar manner ,  and fo l low the s t age 
var iat ions of a nearby wat e r cours e (13-171). 
Evapot ranspirat ion caus e s  diurn a l  variat ions o f  wat er l eve l s  in an 
unconf ined aquifer , when the wat er sur face is re l at ive ly near the 
surface o f  s o i l. The water l eve l dec l ines dur ing the day becaus e o f  
evaporat ion and transpi rat ion. I n  n ight the wat e r  l eve l r i s es a s  there 
is no evapot ransp irat ion. The evapotranspirat ion depends on soi l cover , 
s e as on and weather condit ions (15-59). 
The sho rt -term f luctuat ions o f  ground wat er l eve ls  are pr imar i ly 
due to the respons e o f  pumping. Depending on the l ength o f  pump ing t ime , 
thes e variat ions can be from a few hours to a few days (8-56) . 
Short -t erm wat er f luctuat ions are a ls o  caus ed by earthquake , 
. 
ext ernal loading and wind. The pass age o f  earthquake waves caus es 
expans ion and contract ion o f  the aqui fer , thus lower ing and rais ing the 
wate r  l eve l in the aqui fer. A gus t of wind b l owing �cros s the top of a 
we l l ,  reduces the atmospheric pressure. This reduct ion o f  atmospher ic 
12 
pres sure in the we l l  w il l  r a i s e  the wat er l eve l . When changes in l o ad ing 
occur on an aquifer, a comp r e s s ion occurs on the aqui fer, thus changing 
the hydrost at ic pres sure and hence the wat e r  leve l (12-252). 
The other s ources o f  ground wat er f luctuat ions are earth -moving 
machinery, exp los ions and other externa l s t res ses on the aqui fer. Other 
s ources o f  minor f luctuat ions in wat e r  l eve ls  are sma l l anim a l s  f a l l ing 
into the we l l, gas bubb l ing through water and water from l e ak ing p ipes . 
Thes e sources are non -per iod i c  in nature (8-61). 
Inf luence O f  Surface Water On Ground Water Qua l ity 
Ground water tends to fo l low the path of l eas t res istance. 
Therefore, when an open body o f  water int ercepts an aqu ifer, ground 
wate r  wi l l  be att ract ed to the open body of wat er (11-271). Grav e l  has 
been excavated under the wat e r  t ab l e  in the B ig S ioux aqu i f e r, creat ing 
permanent ponds in the are a . The qua l ity of ground wat er may improve in 
the open body of water by phys ical,  chemical or b io logical means 
(16-20). 
The phys ical means o f  imp rovement is achieved pr imar i ly due to  
wind . Wind is the force that keeps the wat er moving at  a l l  depths in a 
pond. The comb inat ion o f  w ind and heat in an open body o f  wate r  is 
respons ib l e  for the m ix ing act ion (17-57). The vert ical m ix ing in an 
open body o f  wat er is achieved when t emperature changes occur. The 
vert ical  mixing is due to f a l l and spr ing overturn (18-29). 
The maximum dens ity o f  wat er is attained when wat er temperature is 
at 4°C. When the surface becomes coo l er than the deeper wat er and 
13 
approaches four degrees cent igrade, the heavy wat er s inks and wate r  
be low which i s  warmer f loats. This condit ion w i l l exis t unt i l  the ent i re 
body of water has reached the 4°C. temperature. This is known as the 
fal l  overturn. During the spring a r evers a l  of this act ion is obs erved. 
It is known as the s p r ing overturn. 
The e f fect ivenes s  of w ind and t emperature overturns for m ix ing an 
open body o f  wat er is very evident, and therefore the who l e  body of 
water is in rotat ion (18-29). 
C arbon-dioxide is a maj or carbon source for photosynthes is. The 
aff in ity o f  carbon d ioxide to d is s o lve in w�ter is 200 t imes more than 
oxygen (17-97). The photosynthet i c  act ivity of aquat i c  p lant s and a lgae 
is a major s ource of oxygen , a wast e  product o f  photosynthe s is , to the 
aquat ic l ife. C arbon d ioxide dis s o lves in water to produce carboni c  acid 
- -2 . 
which dis soc iat es into HC03 , C03 depending on the pH. During the per iod 
of ext ens ive photosynthes is , carbon dioxide l eve ls decre as e in wat er, 
but to some extent they are buf fered by b i carbonat es and carbonates. 
The react ion o f  carbon ic acid as it f lows through the s o i l  is 
(17-102). 
The s e  c a l c ium ions, when enter ing the open body o f  wat er whi ch has an 
abundant supply o f  inorganic carbon, w i l l react as fo l lows : 
414158 
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When carbon dioxide is dep l eted due to extens ive photosynthet i c  
act ivity, the bicarbonat es a c t  as a s ource o f  carbon dioxide. The 
ca l c ium ions be ing attached to  b i carbonat e become the s ource o f  carbon 
dioxide and are precip itat ed as ca lc ium carbonate. Magnes ium is attached 
to ca l c ium becaus e of its same chem i s t ry (17-102). 
The s e  react ions inf luence the chemica l qua l ity o f  wat er, and 
cons equent ly the ground wat er as it f lows through an open body o f  wat e r. 
A s  a result o f  thes e react ions, tota l hardnes s  is reduced, a lka l in ity i s  
reduced, dis s olved oxygen increas es, and p H  is ra i s ed (19-64). 
The precip itation o f  iron and manganes e in an open body of water 
may be produced by bacte r ia in two ways : (a)  only the organi c  matt e r  
associat ed with iron is metabo l ized and ferric hydroxide i s  precip i ­
tated, (b ) l iving organ i s ms ut ilize iron t o  a degree that great ly 
exceeds the ir norma l iron requirement (20-715). 
The iron concentrat ion in an open body of water is a l s o  reduced by 
pre c ip itat ion of ferric hydroxide. When water conta ining carbon dioxide 
comes in contact with iron in ferrous form, ferrous bicarbonat e goe s  
into the so lut ion. The ferrous b icarbonate can ex is t i n  wat er on ly when 
wat er is devoid of oxygen. When oxygen is present the ferrous bicarbo ­
nate is ox idized to ins o lub l e  ferric hydrox ide. The react ion that takes 
place is as fo l lows (19-75): 
A decreas e in iron concentrat ion is als o  found where anaerob i c  
condit ions exist . The sul fur compounds which occur i n  the bottom mud o f  
15 
sur face water are reduc ed in anaerob ic condit ion. Hydrogen su l fide gas 
is formed which reacts with iron to precipitat e  ferrous s u l fide (19 - 78) .  
16 
EXPERIMENTAL APPROACH 
In Brookings County, South Dakota, large - s c a l e  grave l excav a -
t ions a r e  i n  operat ion w ithin t h e  B ig S ioux River bas in. The grave l is 
excavated be low the ground wat e r  t ab l e, creat ing permanent ponds in the 
area. Large - sc a l e  excavat ions have been occurring in the l as t  twenty 
years. Thes e excavat ions are l ocat ed on the southeas t boundary o f  
B rookings c ity. 
The two maj or s it e s  o f  grave l excavat ion are near the B rookings 
wat e r  t r eatment p l ant and near the B rookings s anitary l andf i l l . F igur e  3 
is a topographic map o f  the p e r iod 1964 and 1984, showing the ponds 
created near the treatment p l ant and the s anit ary l andf il l  in the l as t  
twenty years. A n  aer ia l  photograph o f  areas. is shown i n  F igure 4. 
Establ ishing Vert ical C ont ro l s  
To estab l ish the genera l s lope o f  water tab l e  and direct ion o f  
I 
ground water f low, vert ica l cont ro ls  were es tab l ished near the ponds 
formed due to grave l excavat ions. The locat ions of the numerous ponds 
are as shown in F igure 5. A numbe r ing sys t em was es t ab l ished that s t arts 
in the northeas t part o f  the proj ect area near the water t reatment 
p lant. Ponds for which water e l evat ions were measured were as s igned 
numbers from 1 through 18. 
The e l evat ions in the ponds were es tab l ished by direct l eve l l ing . 
A dumpy· l eve l and a l eve l l ing s t a f f  were us ed to es t ab l ish the 
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F ig u re 3: Topograp h i c map of a rea southeast of B rookings, South Da kota in 1964 show i ng no 
g rave l excavat i on and 1981 (�pdated to 1984) show i ng pond s formed d ue to excavat i on 
nea r wate r treatment p l ant , go l .f cou rse and sanita ry l an dft II (21). 
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Ftgure 4. Aerial photograph of gravel excavation southeast of 
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Fig ure 5 . Map showing l ocation of ponds formed due to grave l 
excavation southeast of Brookings, South Dakota. 
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e l evat ions. To estab l ish the e l evat ions , a po int of known e l evat ion was 
us ed. The po int of known e l evat ion was a permanent bench mark 
es t ab l ished by the United States  Geo l ogica l Survey ( USGS). One USGS 
bench mark is located on the s outhwes t corner o f  the go l f - cours e. 
Another bench mark is locat e d  on a f i re hydrant at the water t reatment 
p lant. To determine an e l evat ion at s ome po int , the l eve l l ing s t a f f  is 
he l d  at a known e l evat ion , usua l ly a bench mark. The dumpy l eve l is s et 
up at a convenient locat ion and a back s ight is taken to the bench mark. 
The rodman then g�es forward as directed by the l eve ler , and choos es a 
turning po int. At the turning po int , a fore·s ight is t aken to det e rm ine 
the turning po int e l evat ion. The l eve l e r  then s ets up the ins t rument at 
some other convenient locat ion nearer the po int where the e l evat ion is 
to be  es tab l ished , whi l e  the rodman wi l l  ho ld the rod at the turning 
po int. The leve l e r  then takes a back s ight , on the turn ing po int 
e l evat ion. This process is repeated unt i l  a fores ight is t aken on the 
e l evat ion of the des ired po int. 
Several  addit iona l bench marks were more permanent ly e s t ab l ished, 
near the var ious ponds and thes e e l evat ions were checked by forming a 
l eve l circuit. A l eve l c ircuit is a l ine o f  leve ls  that ends at the 
point of beginning o f  known e l evat ion. The bench marks us ed for 
estab l ishing pond e l evat ions are in Appendix A. 
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We l l  Po int Informat ion 
S ince the B rookings landf il l  was es t ab l ished in May 1960, about 
45 we l l  po ints have been located at this s ite by the C ity o f  B rookings 
and the C ivi l Engineering Department at South Dakota State Univer s ity . 
Thes e we l l s were e s t ab l ished to  mon itor the water e l evat ions and the 
ground wat er qua l ity. 
The South Dakota Geo log ical Survey ( SDGS) has es t ab l ished 
numerous addit iona l we l l s at the B rook ings l andfi l l  area s ince August 
1981. The SDGS we l � s are p l as t ic p ipe we l ls about two and one ha l f  
inches in diamet er. The purpos e o f  these we l l s was a l s o  to monitor the 
wat er e l evat ions and ground wat er qua l ity . F igure 6 depict s  the l ocat ion 
of the sur face wat er, refuse depos it area, and the SDGS we l ls at the 
s an itary l and f i l l. 
The South D akot a Department o f  Water and Natur a l  Res ources has 
a l s o  es t ab l ished we l ls in B rook ings county . Thes e we l ls are a l s o  us ed to 
monitor the wat er f luctuat ions and wat er qua l ity in the B ig S ioux 
Aquifer. The s e  we lls were estab l ished in 1977. The locat ion of thes e 
we l ls with reference to the pro j ect ar ea is shown in the F igure 7. 
Water Leve l Informat ion 
The water e l evat ion in the ponds was recorded by read ing a sta f f  
gage which was fixed f irmly in the pond and was in cons tant cont act with 
the water. The graduat ions on the staff gages were at one-tenth foot 
interva ls. The elevat ion of the gage zero , was determ ined us ing a bench 
mark e l evat ion established near the pond . The gage reading was 
o41 
Aquifer Boundaries 
Drafted by SDGS 
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F i gure 6. Locat i on of surface water ponds and SDGS 
we i Is at san i tary l andf i . l  I �rookings� so. 
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Ftgure ·7� Topographic map of area east of Brookings city showing 
l ocation of wel l s  BG 775, BG 77R and BG 790 C2l), 
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subt racted from the zero elevat ion to det erm ine the pond water 
e l evat ion. The pond wat e r  e l evat ion was  measured once every two w eeks 
dur ing the s tudy period of August 1984 to November 1984. 
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The water tab l e  e l evat ions of the we l ls were obta ined f rom a 
permanent re ference po int. The permanent r e fe rence point us ed is the top 
o f  the cas ing of a we l l. The we l l  wat er e l evat ions were measured us ing a 
c a l ibrated rod wh ich comp l et ed an e l e ct r ic a l  c ircuit when it touched the 
wate r  surface. This method invo lved us e o f  an ammeter connected to a 
pair o f  insu l at ed wires, with one end expos ed. When the expos ed end o f  
the wire came i n  cont act w ith the sur face o f  water, a current f lowed 
through the sys t em circuit and was indicat ed by a def l ect ion of the 
ammeter needl e. The s ource of current was a battery . The e l evat ion o f  
the ground wat er at the we l l  was obt a ined b y  subt ract ing the rod read ing 
from the known we l l  cas ing e l evat ion obtained from the South D ako t a  
Geo logical Survey . The we l l  water e l evat ions were recorded t h e  s ame d ay 
the pond water e l evat ions were recorded. 
S amp l ing Procedure 
S amp l es of water were co l l ected week ly from the Eve r i s t  I nc. 
pond (F igure 8) from Ju ly 1984 to October 1984. On the s ame dates, wat er 
s amp les were co l l ected from the B rook ings wat er we l l s  and treat ed wat er 
supp ly by the B rookings p l ant operator . A tot a l  o f  e ight een s et s  of 
water qua l ity data were obt a ined. 
The pond s amp l e  was co l l e ct ed . from the s outheast corner o f  




.- 1 I 
BROOKINOS. S. OAt< 
tM•IS-Wtf»AS/7 !t 
. .. rttl)10ni'YISIO ,,., 
_, .. ,, 19 U · KF.IIWS WeU 
I . 











• BM I : 
"':""l'o _ __ ...J. ____ ...QJ 
flgure 8, Topographic map of area southeast of Brookings- South 
Dakota in l981 (updated to 19841 showing ponds created 
oy gravel excavation near water t�eatment p lant, golf 
course and sanitary landfil I C2JJ, 
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before the s amp l e  was col l ected . The s amp l e  was dipped from below the 
sur face of the pond at a depth o f  about one -ha l f  foot . The s amp l e was 
transported to the B rookings wat er treatment plant, B rookings, South 
Dakota for ana lys is . A part i al s amp l e  was f i l t er ed through a Whatman 
glas s - fiber fi l t e r . The purpos e o f  the f ilt rat ion was to remove 
suspended so l ids that caus e turb idity and thus int er fere w ith the 
colorimet ric analys is us ed for the iron and manganes e determinat ion. 
The ana lys es were performed by the p l ant operator w ithin three hours o f  
s amp le co l l ect ion . 
The parameters that were det ermined were tot a l  hardnes s, iron, 
manganes e, a lka l inity and pH . Excess ive iron , manganes e, and tot a l  
hardnes s in ground wat er impair i t s  d i rect us e for domes t ic purpos es 
without treatment . Thes e  parame t e rs are o f  maj or concern when wat e r  is 
us ed as a s ource of drinking wate r  supply . 
The t e s t s  were performed us ing ident ical methods us ed at the 
water treatment plant for rout ine ana lys is o f  water qual ity . Al l the 
tests were performed by Mr . D e ra l d  Bauman, operator at the B rookings 
water treatment plant, B rookings, South Dakota . 
f:'RESENTATION AND DISCUSSION OF DATA 
Ground Wat er Movement 
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The contour map, Figur e  9, is a map o f  the p iezometr ic surface 
const ruct ed from the measurements o f  the wat er leve l s  in ponds located 
s outheas t o f  B rookings, South Dakota. The map ind icates the amount o f  
head los s which occurs as ground water f l ows through the area. As sum ing 
the direct ion o f  ground wat e r  f low is perpendicu l ar to the ground wat e r  
contour l ines, the d i rect ion o f  t h e  movement can be det ermined f rom 
F igure 9 .  The data us ed to e s t ab l ish the ground wate r  contour l ines was 
co l l ected on S ept ember 18 , 1984. A l l  pond wat er e l evat ions can be found 
in tabul ar form in Appendix B. The direct ion of the ground water is 
genera l ly from north to s outhwes t e r ly direct ion. 
As the ground wat e r  f low moves through the proj ect area the 
ponds formed due to Everist (pond 2) and Friberg (ponds 3, 4, 5) int ercept 
the ground water f low. It was obs e rved that from the per iod of Augus t 
18, 1984 to October 2, 1984 the wat er e l evat ion in pond 2 was higher 
than pond 5 .  S im i l ar ly the wat er e l evat ion in pond 3 was higher than 
pond 4, though the wat er e l evat ion in pond 3 was higher than pond 2 
throughout the s tudy per iod . The out f low from pond 2 was there fore 
towards pond 5 ,  and out f low f rom pond 3 is towards· pond 4. Hence the 
direct ion of ground wat er is from west to·eas t as ground wat er flows 
from pond 2 to pond 5, and in s outheas t  direct ion from pond 3 to pond 4 .  
The out f low of pond 2 i s  in a s outher ly direct ion, as suming the 
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Ftgure 9. ConTour map of ground waTer elevaTions souTheasT of 
Brooktngs � South DakoTa on Septemoer 18. 1984, 
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However, once the ground wat er l e aves the pond area where the sur f ac e  
water modi f i es the f low pattern , t h e  ground wat er moves i n  a path to the 
south and then to a s outhwes t e r l y  direct ion . 
In the month o f  October there was heavy rainfa l l .  The tot a l  
rainfal l i n  October (6.43 inches) inc luded 1.95 inches o n  October 15 and 
2 . 20 inches on October 19. The result ing surface runo f f  rais ed the wat e r  
e l evat ion i n  pond 5 to more than one foot h igher than i n  pond 2 (Figure 
10). It was therefore expect ed that the ground wat e r  f l ow was f rom pond 
5 to  pond 2, reve�s ing the norma l dire ct ion o f  ground wat e r  f low, s oon 
after the per iod of heavy rainf a l l and runo f f . Surface runo f f  pas s es 
through the area between ponds 3 and 4 and j ust east o f  pond 5 .  This 
revers a l  as sumes that the ground water movement in an unconf ined aqu i f e r  
is in accordance w i t h  t h e  hydrau l ic gradient even a f t e r  cons iderab l e  
disturbance o f  the area by grave l excavat ions and remova l and r e l ocat ing 
o f  the overburden . 
The wat er e l evat ions in pond 7 and pond 8, s outh of the mun i c ip a l  
go l f  cours e w e r e  t h e  s ame . As there w a s  l itt l e , if  any d i f ference 
between the water e levat ion, no f low is expected to occur between pond 7 
and pond 8. It was l at e r  determined that there is a p ipe connect ing pond 
7 and pond 8 which a l lows wat er to f low from one pond to other 
maint aining the s ame water e levat ions �n-both the ponds . Hence wat e r  
e l evat ions i n  both t h e  ponds throughout the s tudy period o f  August 1 8  to  
November 6 ,  1984 were found to be the s ame. Tab le 1 shows the sur face 
water e l evat ion for pond 7 and pond 8. 
112.0 
111.0 
Pond Water Elevation 
1 500 + acalar reading (feet) 
107-0 oe�- 1a--------------oa--� o-s ---------------oe�-� 1e---- -----------1o�-�o�2---------------1 o�-�1o�-------- -----1� 1�-oe 
Figu re 10. Braphtcal rep resentation of the f l uctuations In su rface wate r elevation fo r 
pond 2 and pond 5 from August 18 , 1984 to Novembe r  06, 1984 
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There is however , an e l evat ion loss  to pond 9 ,  which indi cat e s  
that ground water movement occurred from pond 7 and pond 8 to pond 9. 
The out f low of pond 7 and pond 8 is in souther ly direct ion to pond 9 .  
Once the ground wat er l eaves pond 9, ground wat er f l ow appears t o  be  
s outher ly toward pond 1 2. 
Tab l e  1. Surface wate r  e l ev at ion for pond 7 and pond 8 from 
August 18, 1984 to November 6, 1984. 
Date 
August 18 
S eptember OS 
S eptember 18 
October 02  
October 19 
November 06 
( E l evat ion - feet) 
( 1600 + t abu l ar va lue) 
Pond 7 
103 . 65 
103 . 25 
103 . 05 
1 03 . 00 









As ment ioned in the l it erature review , ground wat er t ends to 
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fo l low the path of l e as t  res i s t ance or where pe rmeab i l ity is h igh. The 
e ffect ivene s s  of B owes pond ( pond 1 2 ) ,  Interstate lake (pond 18 ) and 
pond 15 in the s an itary l and f i l l  area to attract ground wat er c an be  
s een in F igure 9. Pond 1 2  due to its locat ion wou ld be expected to  
att ract ground water, thus inf luenc ing the d irect ion o f  ground wat e r  
movement. The inf l ow to pond 12 was probab ly from the no rth and east 
direct ion compared to an expect ed direction of ground wat er movement 
toward a southwes t e r ly to southerly di rect ion. The out f low of pond 12 is 
in a s outher ly direct ion to pond 18. The dashed l ine in F igure 9 
( elevat ion 1697.0) is drawn to show the e f fect ivenes s o f  pond 18 and 
pond 15 in influenc ing the direct ion of ground wat er movement. The 
inflow to pond 18 is from the north direct ion. 
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The contour map , F igur e  1 1 ,  is a map o f  wat er t ab l e  elevat ions 
cons t ruct ed from the measurements of ground water e l evat ions in we lls at 
Brookings s anit ary landfill. The wat er table e l evat ions of the we l ls in 
the s anit ary landf ill area can be  found in Appendix C. The ground water 
elevat ions are drawn for the data obta ined on September 18, 1984. 
As ground wa�er flows through the s anitary l andf i l l  are a , the 
maj or ity of ground water is att ract ed to pond 15 becaus e of its 
locat ion. There is  a head los s  between pond 14 and pond 15 and s im ilarly 
a head los s between pond 16 and pond 15. The s e  elevat ion d i f f e rence s  
indicat e  that the inflow t o  pond 15, is  from north ; northeast and 
northwes t direct ion. Thus, the out flow of pond 16 is in s outheas t 
direct ion. The out flow from pond 14 is in s outherly d{rect ion. But 
after , the ground water leaves the area of influence ,  the ground wate r  
appears t o  assume i t s  or iginal direct ion of f low t o  the s outhwest. 
The ef fect o f  rainfal l  on the ground wat er table at the s anita ry 
landf ill was also obs erved on October 19 and November 06 , 1984 . Tab le 2 
cont a ins the water tab le informat ion for we lls 7A and 7B  and pond 15. 
The rainfal l  rais ed the wate r  leve l in pond 15 by about one foot, but 
the water level in wells 7A and 7B was rais ed only one-half foot. The 
lower wat er table in the wells could be att r ibuted to the influence o f  
the overly ing s ix t o  eight feet o f  s o il ,  which prevent ed the immeq iat e 
r is e  of wat er table. The h igher water level in the pond could h ave 
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Figure 11, Contour map of ground water elevations at the 
sanitary landfll I, Brookings, South Dakota on 
September 18, 1984, 
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Tab l e  2. Wat er t ab l e  e l evat ions at we l l  7A, we l l  7B and pond 
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The water e l evat ions were recorded within one or two days after 
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rainfal l. The immediat e  increas e of subsur face wat er e l evat ion imp l ies a 
rap id perco l at ion rat e in the area of the l andfi l l. The rap id p erco l a -
t ion was expect ed becaus e ground water is about six t o  e ight feet b e low 
the l and sur face , and soi l  is a h igh ly permeab l e  s and and gravel 
(23-10). 
Cons ider ing the re l at ive changes in water e l evat ion in the ponds 
near the wat er treatment p lant and wat er tab l e  e. levat ions in we l ls at 
the the l and fi l l  area , it appears that pattern of ground wat er f low in 
the proj ect area is a l t ered both by the pond excavat ions and heavy 
precipitat ion. 
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Long Term F luctuat ions o f  the P i ezometric Surface 
The wat er l eve l reading for we l l s BG 77S , BG 77R and BG 79D were 
obtained from the S outh Dakota Department o f  Water and Natural 
Resources . The locat ion o f  the we l l s is shown in Figure 7. Records were 
ava i l ab l e  from we l l  BG 77S s t art ing in 1977, we l l  B G  77R s tart ing in 
1978, and BG 79D s t art ing in 1980. 
F igure 1 2  i l lust r at es the precip itat ion at B rookings and ground 
water l eve ls  for we l ls BG 7 7 S, BG 77R, and BG 79D. The symbo l B G  
repres ents Brookings County . The number fo l lowed by the B rookings County 
des ignat ion is the year in wh ich the we l l  was e s t ab l ished. S ince the 
ground water e levat ions had not been measured cont inous ly at a l l the 
w e l l s , a dashed l ine is shown on the f igure as a repres ent at ion o f  the 
approx imat e ground wat e r  e levat ion. The dashed l ine was �s t imated us ing 
the precip itat ion records. 
The long term f luctuat ions r e f l ect the storage changes and 
repres ent the wat er ava i l ab l e  for us e. The water in s torage in an 
aqu i fer responds to both recharge and dis charge. Water l eve l f luctua ­
t ions fo l low a fair ly rhythmi c  s easona l pattern. It is apparent from 
F igure 12 that the s e as onal  variat ions of wat er tab l e  l eve l s  re f l ect the 
general c l imat ic bal ance between recharge and dis charge. The wat er 
l eve ls in we l ls BG 7 7 S , BG 77R and BG 79D show s t r iking ly s im i l ar 
s easonal f luctuat ions . The magnitude o f  f luctuat ion is a l s o  a lmos t  
s im i l ar in al l the we l l s . 
Examin ing Figure 12 , obs erve that fo l lowing a per iod o f  recharge , 
wat e r  leve l s  dec l ine rapid ly at f i r s t  and then more gradua l ly as t ime 
� 1 0  l: u 
� 
I � 7.5 
i= c:( 
t: 5 e: 
' 0  LiJ . 
It o. 2.5 
0 
� �, ® A BG-778�· ' /� I� 
I I \I V \ V � / �/��/ \ - -�, / v' ,At - 1lnown 
· 
/' l '-.t / • - - -' estimated 
BG-790 X: . .� �/ 
GROUND W�TER ELEVATION . ---,, 
v 
1 600 + scalar reading·� 
(feet) 
.� . /�If{ . � · BG-�R Ji!.� /� . /r;f} � . NJ�,�'\--h_ "'/� V �I 
I 
1 9 7 7  . 1 9 7 8 - 1 9 7 9  1 980 1 98 1  
I 
. 
1 9 8 2  1 98 3  1 984 I I 
F l g u re 1 2 .  · Long te rm va r i at i ons of g round wate r e l evat i on s  at we i I s  BG 77S , BG 77R a n d  BG 790 
f rom 1 978 to 1 984 , 
(.A 
0\ 
pas s es. This happens becaus e there is a decreas e in hydrau l ic gradient 
and transmis s ib i l ity, as storage is dep let ed. 
The re l at ion between ground wat e r  l eve ls and rainfa l l  is ev ident 
from Figure 12. Wat e r  l eve l s  ris e in the spring and ear ly summ e r  due to 
the infi lt rat ion of snow me l t  and the rainf a l l. Thus in a s even - ye ar 
per iod f rom 1978 to 1984, peak ground wat er l eve ls  in we l ls o ccurred 
twice in July , and onc e  during March ; Apr i l, May, June and Augus t. 
During the s ame per iod, m inimum ground wat er l eve ls  usua l ly occurred in 
the months o f  Decembe r  and January . 
It is a l s o  apparent that l owes t l eve ls  dur ing the period o c curred 
in December 1981 , which r e f l ects the l ong per iod of be low-norma l 
precip itat ion. Dur ing the subs equent years o f  h igher prec ip i t at ion 
ground water l eve ls  gr adua l ly increas ed to a peak l eve l in 1984. 
Cons ide r ing the changes in wat e r  leve l s  over a per iod o f  s even 
years , recharge is interm itt ent , varying from year to year, whi le 
dis charge is cont inous. Hence wat er l eve ls  ris e in spring and ear ly 
summer . Convers e ly ,  water l eve ls  dec l ine from mid-summer to mid-wint e r. 
In the B rookings s anit ary l andf i l l  area we l l  7A was s e lected for 
eva luat ion of the l ong t e rm f luctuat ions o f  ground water e l evat ions . 
The obj ect ive o f  the s tudy was to dete rmine i f  the grave l excavat ions 
had any in f luence on rais ing the ground water e levat ions downs t ream o f  
the grave l excavat ion . Ground wat er e l evat ion records for we l l  5 were 
ava i l ab l e  from 1961 to 1969 and f rom 1975 to 1978 . We l l  5 was e s t ab ­
l ished by B rookings c ity and i s  about 5 0  feet east . o f  we l l  7A . Wat er 
e l evat ion records for  we l l  7A are  avai lab l e  from 1981 to 1984 . Records 
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for water e l evat ions were not avai l ab le from 197 0 to 1974 and for 
1979- 1980. Tab le 3 shows the max imum wat er e l evat ion recorded for we l l  5 
and we l l  7A . 
Tab l e  3. Maximum wat e r  e l evat ions fo r we l l  5 and we l l  7A at 
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From Tab l e  3,  it may be obs erved that in 1962 and 1963 , wat e r  
tab l e  e levat ions were near ly a s  high a s  i n  1969 when ext reme ly h�avy 
w int er snows and spr ing ·rain fa l l caus ed the wat er t ab l e  to ris e to an 
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unusual ly high e l evat ion o f  1595. 00 feet. S ince ground wat e r  e l evat ions 
were not recorded from 1970 to 1974 it is not known , if the ground wat er 
reached the high wat e r  e l evat ion o f  1962, 1963 or 1969 . The measurements 
o f  ground wat er e l evat ions ava i l ab l e  from 1975 to 1978 do not show the 
wat er tab l e  having reached an e l evat ion of more than 1593. 30 feet. The 
wat er tab l e  measur ement s for 1981 and 1982 a l s o  do not show the g round 
wat er e levat ion to be higher than 1593. 50 feet. However ,  in 1983 and 
1984 the ground wate r  e levat ion at we l l  7A was recorded to be at an a l l 
t ime high of 1597. 00 and 1597. 4 7  feet respect ive ly. Thus ground water 
e levat ion was recorded to be  about two and one -ha l f  f eet h igher in 1984 , 
than in 1969. The Bowes grave l p it eas t o f  the l andf i l l  was . not 
operat ive in 1969. 
S ince the data was mis s ing for long int erva ls  it  was not pos s ib l e  
t o  have a cont inous long t e rm t r end o f  ground water f luctuat ions. 
Conc lus ions have there fore not b e en made concerning the inf luence o f  
grave l excavat ion o n  rais ing the ground wat er e l evat ion. 
I n f luence of Surface Water on Ground Wat er Qua l ity 
The data pres ented in Appendix D shows the resu lts for the 
chemical ana lys es o f  s amp l es of wat e r  co l lect ed from the grave l pit  
formed due to grave l excavat ion , from c ity we l ls and from t reat ed wat e r  
from B rookings wat er t reatment p l ant , B rookings , South Dakot a. The 
s amp l es were co l lected from Ju ly 5 through October _ 30 , 1984. 
One obj ect ive o f  this s tudy was to compare the chemica l qua l ity o f  
the wat er in the grave l pit with t h e  B rookings municipal wat er supp ly . 
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Therefore tot a l  hardnes s, a lkal inity, iron, manganes e and pH data were 
co l l ected to provide a method compar ing the water qual ity that occur in 
the pond formed due to grave l excavat ion w ith that o f  the B rookings 
municipal wat er supp ly. F igure 13 a l lows the comparis ion of the 
concent rat ion of the tot a l  hardness in the grave l p it to the c ity we l ls 
and t re at ed wat er from B rookings wat er t re atment p lant . 
Tota l  hardnes s  is caus ed by diva l ent meta l l ic cat ions such as 
calc ium, magnes ium and ferrous iron (24 -379 ) .  Tot a l  hardness o f  ground 
water is an indicat ion of the nature of the geo logic format ions in whi ch 
ground wat er has been in contact. 
A lkal inity is due to the s a l t s  o f  weak ac ids . A lka l inity o c curs 
in three maj or forms : (A )  Hydrox ide (B ) C arbonates (C ) B icarbonat e s . A 
change in concent rat ion o f  any one form o f  a lkal inity wi l l  caus e a shift  
in equi l ib r ium, a lter the concent rat ion o f  other ions and res u l t  in a 
change in pH. Convers ly, a change in pH wi l l  shift the re l at ionship. 
For ca l c ium bicarbonat e to be s t ab l e  in water, a cert a in surp lus 
carbon dioxide mus t remain free in the s o lut ion . The free carbon d ioxide 
is incapab l e  o f  d i s s o lving more c a l c ium carbonate, s ince this requ ires 
an amount in exces s o f  so c a l l ed agres s ive carbon dioxide whi ch is 
respons ib l e  for c a l c ium carbonat e to be  s t ab l e  in so lut ion (19 - 5 8 ) .  
When the ground wat er enters the open body of water , the 
equ i l ibr ium carbon dioxide begins to es cape into the atmos phere . As the 
equi l ibr ium carbon d ioxide e s c ap es, the react ion that t akes p l ac e  
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is as fo l lows : 
The react ion proce eds unt i l  there is enough carbon dioxide to b r ing 
about an equ i l ibr ium condit ion. 
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S ince t h e  dissoc iat ion o f  weak carbonic ac id resul ts into a 
greater quant ity o f  hydroxy l ions than hydrogen ions, the pH o f  the 
water in the pond increas es . When the pH is in range o f  8.0 to 9.0 the 
s o lub i l ity product of the carbonate ion is exceeded , and it p r e c ip itat es 
from s o lut ion as c a l c ium carbonat e ,  thereby- reduc ing tot a l  hardnes s  and 
a lkal inity ( 24 - 226). The reduct ion in ac idity increas es the pH o f  the 
wat er in the pond . 
F igure 14 is a p lot o f  the re l at ionship between pH , a lka l ini ty , 
and tot a l  hardnes s in the grave l pit , c ity we l ls and treat ed wat e r  from 
the Brookings water treatment p l ant dur ing the s tudy p e riod. The h igh pH 
of grave l pit wat er in compar is ion to ground wat er may be att r ibut ed to 
the lower concent rat ion o f  carbon diox ide. The l ower concentr at ion of 
carbon dioxide wou ld inf luence total hardnes s and a lkal inity becaus e a 
change in equ i l ibrium o f  the carbon dioxide - a lkal inity syst em wi l l  
a l t e r  the ions whi ch comp r i s e  the syst em. 
F igure 14 shows a low e r  concentrat ion o f  tota l hardnes s  in the 
grave l p it as compared to  the c ity we l ls and also the treated wat e r  from 
B rookings water t r eatment p l ant . The average tot a l  hardness in the 
grave l pit is 234 mg/ l it e r  as compared to 487 mg/ liter for city �e l ls 
and 37 6 mg/ l iter from treat ed wat er. S imi lar ly the alka l inity in the 
pH 
1 I t - 10 I I  1 2  I �  14 IS II 1 7  I I  
" •• • •  "- • h  
ALKAUNITY 
2 3 4 5 I 1 I t 10 I I  1 5  I I  1 7  II 
' . .. . . .. . � .  
TOTAL HARDNESS 
9 1 0  I I  1 2  1 3  1 4  1 5  . I S 1 7  1 8  
r l e e I "  We a li a  
L EGEND • SOURCE - WEL L S  ....... TREA T ED - GRAVEL P I T  
F t gure J 4 ,  Wee k l y  varia� l on i n  tota l hard ness , a l ka l i n i ty a n d  
pH f o r  Broo k i ngs we i I s , t reated wate r and grave l 
p i t  water - J u l y  5 ,  1 984 - tn rough Octobe r 30 , 1 984, 
43 
44 
grave l pit water is about one -ha l f  the a lkal inity o f  the city we l l  
wat er. The a lkal inity in c ity we l l s dur ing the study period was 307 
mg/ l iter as compared to  grave l p it a lka l inity o f  140 mg/ l it e r . The high 
pH o f  8.5 in the grave l pit  indicates that free carbon d ioxide is not 
pres ent in the wat er. 
A lka l inity is re l at ed to  pH, but high alkal inity va lues are not 
synonymous to high pH va lues. Hence, if the carbonates and b i carbonates 
are lower in concentrat ion, the concentrat ion o f  the a lka l in ity w i l l  be 
lowered, eventhough the pH wou l d  increase. This r e l at ions hip is 
demons trated in F igure 14. 
I ron and manganes e exi s ts in s o i l  as ferric oxide and manganes e 
dioxide respect ive ly. Unde r  anaerob ic condit ions, ferric oxide is 
reduced to ferrous iron and manganes e  dioxide is reduced from the Mn+4 to 
Mn+ 2 . Both ferrous iron and manganes e  dioxide in the lower reduced 
s t at es are s o lub l e  and wi l l  gain ent r ance into ground wat er (24 -464) . 
The lower concentrat ion o f  iron is due to the oxidat ion - reduct ion 
react ion of iron. A unique feature of iron is that l itt l e  energy i s  
required t o  change from ferrous to f e r r i c  and vicevers a ( 1 7 -15 2). The 
high pH ·of  wat er is an indicat ion of wat er be ing free of carbon d ioxide. 
The oxygenated wat er is the reason for the low concent rat ion o f  iron in 
wat e r . In the pres ence o f  oxygen, the ins o lub l e  ferric hydroxide wi l l  
precipit ate as ferric iron. The low concent rat ion of iron in the grave l 
p it wat er is shown in F igur e  15. 
Low concent rat ions of manganes e were not obs erved to the s ame 
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mor e  s low ly oxid ized than iron. As a result o f  this property o f  
manganes e, higher manganes e concent rat ions than iron concent rat ions were 
obs erved in the grave l pit  wat e r. 
Stat ist ical Analys is 
An ana lys is of variance was conduct ed at the one percent l eve l on 
the wat er qua l ity data co l l ect ed. The parameters s e l ected for thi s  
ana lys is were tot a l  hardnes s,  a lka l inity , iron, manganes e  and pH . 
Appendix E l is t s  the data for this ana lys is. 
The resu lts o f  the ana lys i s  are int erpreted as : 
( l)On the who l e, the wat er qua l ity for tot al hardnes s, 
a lkal inity and manganes e  was found to be s igni f icant ly 
di f fe rent among w e l l s , t r eat ed water and the grave l p it s . 
( 2)In so far as iron content is concerned, the wat er drawn 
from the grave l p it did not differ s igni f icant ly from 
treated wat er . However the water taken from the city 
we l l s had a s igni fi cant ly h igher concentrat ion. 
(3)The difference in pH was found to be high ly s igni f icant 
between both the s amp l ing l o cat ion and the s amp l ing 
dat es. From F igure 16, it wou ld be not ed that the var � a ­
b i l ity i n  p H  w a s  main ly due to t h e  week ly changes o f  
p H  in wat er from the grave l p its. -
( 4)0n the who l e , the var iat ion in ground wat er qua l ity was 
not found to be h igh ly s igni f icant from _ one dat e to 
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another dur ing the p e r iod o f  obs e rvat ion except for the 
pH which is main ly due to the var iab i l ity of pH in the 
grave l p it. 
48 
49 
SUMMAR Y  AND CO N CLUSIO N S  
The purpos e o f  this res earch was t o  he lp provide informat ion, now 
l acking, for an unders t anding of the inf luence of grave l excavat ion from 
under a wat er t ab l e  on ground water movement . The inf luence o f  the 
grave l excavat ion on ground wat er f low and on qua l ity of an open body o f  
wat er formed due to grave l excavat ions were eva luated. 
The e levat �on of ground water was det ermined after e s t ab l is h ing 
vert ical  contro l s  near the ponds formed due to grave l excavat ion . 
Sur face water e l evat ions were obt a ined at regu l ar interval s  to  det erm ine 
the in f luence o f  grave l excavat ion on the direct ion of ground wat er 
movement . 
Ground water e l evat ions were a l so obtained from the South Dakota 
Department o f  Wat er and Natural Res ources to s tudy the long t e rm 
var iat ion o f  ground wat er l eve ls . The ground wat er e levat ions were found 
to f luctuate with years of high and low precipitat ion and with di f ferent 
s easons . 
The water qua l ity data were obtained by co l lect ing s amp les from 
B rookings c ity wel l s, t reat ed wate r  and the pond formed due to grave l 
excavat ion . I t  was not ed that hardnes s  of the open body o f- wat er was 
superior to that o f  the ground wat e r. us ed for the Brookings mun i c ip a l  
wat er supp ly . 
The results  o f  this inves t igat ion have made pos s ib l e  the fo l lowing 
conc lus ions : 
1. The gener a l  direct ion o f  ground water f low in the_ area is 
from north to southwes t e r ly in direct ion . 
2. The grave l excavat ions near the water t reatment p l ant 
and the s anit ary l and f i l l  a l t ered the direct ion o f  
ground wat er f low pat t e rn i n  thos e areas. Upon l e aving 
the area of inf luence o f  the open body of water, ground 
water f low p robab ly as sumes its origina l direct ion o f  
f l ow .  
3 .  The long t e rm f luctuat ions in the we l l s BG 77S, BG 77R 
and BG 79D fo.l lowed a fair ly rhythmic pattern . The wat e r  
l eve ls  r i s e  from spring to ear ly summer whi le, wat e r  
l eve l s  dec l ine from l at e  f a l l to  mid-winter . The recharge 
is due to in fi lt rat ion of snow me l t  and rainfal l. 
4 .  The open body of wat e r , due to  grave l excavat ion, has a 
super ior chem i ca l  wat e r  qua l ity. Hardnes s  and iron are 
s igni f icant ly lower in the pond than in the we l ls 
supp lying wat er for B rookings c ity. 
s o  
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RECOMMEN DATIO N S  
This res earch has prov ided s ome b as ic informat ion neces s ary for 
eva luat ing the e ffects of grave l excavat ion on ground wat e r  movement 
s outheas t of Brookings, South Dakot a. Howeve r ,  there is a de f inite need 
for more res earch to be conducted at the s it e. A few o f  the pos s ib le 
proj ect that may be undertaken are out l ined be low. 
1. More we l ls or piezometers shou ld be ins t a l l ed within the 
proj ect area . The suggested locat ions o f  the propo s ed 
we lls are shown in F igure 17 . Thes e  we l l s wou ld he lp 
estab l ish the ground water contour l ine more accurate ly 
and thus more c l ear ly d e f ine the direct ion of ground 
water. 
2. To s tudy the e f fects o f  gr ave l excavat ion on rais ing the 
ground water e l evat ions downs t ream from a grave l p it, a 
before and after s tudy wou ld s eem most appropriat e. For 
instance before a permit is is sued for grave l mining, 
we l l s shou ld be es t ab l ished around the propos ed s it e, and 
wat er l eve l obs ervat ions shou l d  be init iated. The s e  
obs ervat ions shou l d  cont inue f o r  s ever a l  years into the 
act ive phas e of grave l m in ing. 
3. A more deta i l ed s tudy o f  the e f fect of precipit_at ion · and 
spring thaw cou ld be init iat ed. This may be accomp l is hed 
by es t ab l ishing a cont inous recording gage in pond 2 and 
pond 5 formed due �o grave l excavat ion. 
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Rort b 
We l l s 
500 0 
f t g ure J 7 ,  Locations recommended for estab l ishing wel l s  in f u t ure .  
4 .  An ext ens ive inves t igat ion on the cause o f  the f avorab l e  
impact o f  the pond on ground wat er qua l ity shou l d  b e  
made . This s tudy i s  underway . 
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Benchmarks Us ed For Det�rm ining Pond and Gage E levat ions 
Des c r ipt ion E l evat ion 
Nai l s  in P.P. NE corner o f  
int ers ect ion a t  SE corner 
of S ect ion 30............. 1616 . 76 
Top on Upper NE Bo lt on 
fire Hydrant south o f  
ground Stor age t ank at 
wat e r  t re atment p l ant...... 1638 . 90 
Nai l s  in P . P .  j us t  s outh o f  
R R  t racks i n  w e s t  fence l ine 
on eas t s ide of Sect ion 31 . .  1617.0 7  
Screws i n  southgat e pos t  o f  
west ent r ance t o  Friberg 
ponds on w e s t  s ide o f  
s e ct ion 32... . . ....... . . . ... 1616.73 
Screws in corner post on 
west s ide o f  s ect ion 32... .. 1614.73 
BM-B BK 6 - 7 9 SDGS we l l  at SE corner o f  
int ers ect ion a t  NW corner 
BM- 90 
BM - S  
BM -60 
BM - 70 
BM -80 
BM-125 
of s ect ion 5 . . .. . ..... . . . .. . 
Nai l s  in P.P. SW corner o f  
inters ect ion a t  N E  corner 
of s ect ion 6 . . ....... . . .... . 
Screw in P.P. wes t o f  I - 2 9  
near the c enter o f  the north 
s ide of s ect ion 6 . . .. . . . . . .  . 
Nai l s  in P.P . west o f  I - 29  
near the cent e r  o f  the 
north s ide of s ect ion 6 . . . . . 
X s crat ched in wes t s ide 
o f  the cent er o f  the br idge 
locat ed at Edgebrook go lf  
cours e  in the s outh cent r a l  
part o f  s ect ion 31 .. . . . . . . .  . 
SD DOT BM locat ed in NE 
corner ·o f  int ers ect ion at SW 
corner o f  s ect ion 31 . . . . . .. . 
Nai l s  in wood fence pos t 
1611 . 28 
1609 . 96 
1610 . 17 
1612.26 
1609 . 96 
1624 . 19 
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BM -126 
BM - 28 





BM - 24 
BM- C  
BM-D 
BM- 16 
35 ' Right o f  SE corner o f  
N E  1/ 4 o f  s ect ion 1 . . . . . . . . . 
Nai l s  in corn e r  pos t  near 
c ent er of s ect ion 1 . . . . .... . 
Top o f  cas ing o f  SDGS 
we l l  # 28 on north s ide 
of SE 1/4 of s ect ion 1 ... . .  . 
Top o f  cas ing o f  SDGS 
w el l  #21 j us t  south of the 
c enter o f  S ect ion 1 
l ocated in the NW corner 
o f  the s an it a ry l and f i l l .... 
Top o f  c as ing o f  SDGS 
· we l l  #4 locat ed west of 
the s anitary l andfi l l  near 
s outh cent er o f  s ect ion 1 ... . 
Top o f  cas ing o f  SDGS 
we l l  # 3 locat ed in the 
SW corner of the s anitary 
l andf i l l .. . ....... . ......... . 
X in NW corner o f  concrete 
s lab j us t  s outh o f  crane 
t ruck ing bui lding near 
s outh s ide o f  s ect ion 1 . . . . .  . 
Nai l s  in P.P. on s outh s ide 
of SW 1/4 of s ect ion 1 . .. . . .  . 
Top o f  cas ing o f  SDGS 
we l l  # 24 l ocated s outh 
o f  the s an i ta ry l andf i l l  
on s outh s ide o f  S E  1/ 4 
o f  s ect ion 1 . . ... . . . . . . . . . . . 
Nai l s  in pos t  approx imat e · 
100 yards. s outh o f  north 
s ide of NW 1/ 4 of s ect ion 7 . .  
Nai l s  in gat e pos t  acros s 
the road o f  eas t  ent rance 
o f  s anitary l and fi l l  locat ed 
in west s ide of SW 1 / 4  o f  
s ect ion 6 . . . . . . . . . . . . . . . . . . .  . 
Top o f  cas ing o f  SDGS we l l  
# 16 locat ed in SE . area o f  




1600 . 56 
1600.07 
1598.40 
1601 . 37 
1602 . 10 
1600 . 37 
1604 . 29 








BM - 29 
Top of cas ing of SDGS we l l  
# 16 located in SE area o f  
s anit ary l and f i l l  in SE 1/4 
of s ect ion 1 ...... . .......... 
S ame as above except we l l  # 15. 
S ame as above except we l l  # 6. 
Top of cas ing o f  SDGS we l l  # 7A 




in SE 1/4 o f  s ect ion 1.. .. ... 1602.31 
S ame as above except we l l  # 7b. 1602.48 
S ame as above except we l l#26. 1600.96 
To� of cas ing o f  SDGS " we l 1  
B G  7 7R in SE 1 /4 o f  S E  1/4 
of s ect ion 32... .. . ........ 1610.53 
Top of cas ing o f  SDGS we l l  # 29 
near north s ide of SE 1/4 o f  
s ect ion 1.... ...... .. ....... 1606.30 
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Pond Water E l evat i on s  




Number E l evat i on 08 -1 8-84 09 -05 -84 09 -1 8-84 1 0-02 -84 1 0 - 1 9 .-84 1 1  ' 06-84 
L 1 6 1 4 . 30 1 1 0 , 20 
2 .  1 6 1 2 . 04 1 09 , 54 1 08 , 69 1 08 , 2 1  1 07 , 92 1 09 , 29 1 09 . 79 
3 .  1 6 1 3 . 44 1 09 . 58 1 08 , 74 1 08 , 34 1 07 , 99 1 1 0 , 64 1 1 0 , 89 
4 .  1 6 1 3 . 65 1 09 , 25 1 08 , 1 5  1 07 , 84 1 07 .
·
4 5  1 1 0 , 26 1 1 0 . 45 
5 .  1 6 1 " 1 . 47 1 08 , 77 1 07 , 92 1 07 , 72 1 07 , 22 1 1 1 , 50 1 1 0 , 38 
6 .  1 6 1 0 , 20 1 07 . 20 "  1 06 . 30 1 05 , 90 . 1 05 , 60 1 o8 , 8o 1 08 . 97 
7 • . 1 607 . 65 1 03 , 65 1 03 , 25 1 03 , 05 1 03 , 00 1 06 , 65 1 06 , 35 
8 .  1 607 . 98 1 03 , 64 1 03 , 25 1 03 , 04 1 03 , 00 1 06 , 64 1 06 , 34 
9 .  1 607 . 70 1 03 , 1 5  1 02 , 55 1 02 , 35 1 02 , 1 5 . 1 06 , 05 1 05 , 60 
FK 6-79 1 6 1 1 . 28 1 04 . 78 1 04 , 08 1 03 , 83 1 03 , 68 1 07 , 83 1 06 , 63 
1 0 .  1 600 . 29 96 , 88 96 , 38 96 , 09 95 , 69 96 , 89 97 , 1 9 
1 1 .  1 603 , 06 99 , 4 1  98 . 75 98 , 4 1  98 , 07 99 , 86 99 , 56 
1 2 .  1 602 . 22 98 , 77 97 , 97 97 , 67 ' 97 , 32 97 , 92 98 , 22 
1 3 .  1 598 . 25 95 , 85 9 5 . 35 95 , 1 0 94 , 80 96 , 25 96 . 45 
1 4 .  1 60 1 . 30 97 , 70 97 , 1 0 96 , 75 96 , 40 98 , 1 5 98 . 40 
1 5 .  1 60 1 . 08 97 . 28 96 , 63 96 , 1 33 95 , 63 96 , 98 97 . 23 
1 6 .  1 600 . 93 97 . 58 98 , 83 96 , 36 95 , 73 97 , 1 4  97 , 53 
1 7 .  1 598 , 52 95 . 02 94 . 22 93 , 82 - 95 , 52 95 . 37 
1 8 .  1 60 1 . 46 97 . 06 96 , 4 1  96 , 1 1  95 , 76 96 . 56 97 , 3 1  
Water e l evat i ons o f  ponds formed due to grave l excavat i on southeast o f  Brook i ngs , S . D .  
1 500 + Tabu l a r va l ue 
( feet ) 
0' 
N 
APPEND IX C 
Ground Water Tab l e  E l evat i ons 
... ·. 63 
We l l  
Number 
1 • 
2 .  
3 .  
. 4 .  
5 .  




l OA .  
1 2 .  
1 5 .  
2 1 .  
23 .. 
24 , 




E l evation 08 - 1 8-84 09-:-05:-84 09 :- 1 8 �84 1 0-02 -84 1 0 - 1 9 -84 
1 603 , 76 97 . 36 96 , 46 95 , 86 95 , 3 1  96 , 66 
1 60 1 . 07 96 , 47 95 , 52 95 , 02 94 , 62 95 , 4 7 
1 598 . 32 95 , 22 94 , 57 94 , 1 2 93 , 87 95 , 87 
1 599 . 94 95 , 04 94 , 77 94 , 4 9 94 , 29 95 , 64 
1 600 . 76 - - 95 , 6 1  95 , 1 6  95 , 46 
1 603 . 66 97 . 1 6  96 , 5 1  95 , 84 95 , 46 96 . 46 
1 602 . 1 7  97 , 47 96 . 82 96 , 32 95 , 87 96 , 27 
1 602 • .20 97 . 43 96 , 60 96 , 29 97 , 80 96 , 20 
1 603 . 04 98 , 04 97 , 99 96 , 89 96 , 54 98 , 54 
1 604 . 222 - 97 , 57 97 , 07 97 , 47 98 . 1 2  
1 603. 26 97 , 26 96 , 35 95 , 87 95 , 26 96 , 66 
1 603 , 97 97 , 42 96 , 47 95 , 86 95 , 42 96 . 47 
1 600 . 46 95 , 96 95 , 2 1  94 , 96 94 , 86 97 , 0 1  
1 604 . 84 97 , 64 97 , 1 9  96 , 54 96 , 09 97 . 1 4  
1 600 , 33 96 . 23 95 , 28 94 , 75 94 , 43 96 , 38 
. 1 600 . 78 97 , 48 96 , 88 96 , 36 95 . 9 1  97 . 1 2 
1 606 , 27 98 , 87 98 , 52 97 , 92 97 , 57 1 00 , 07 
Water tab l e  e l evat i ons of we l l s  at san i ta ry l andf i l l , Brookings , South Dakota 
1 500 + Tabu l a r va l ue 
( feet ) 
1 1 - 06 -: 84 
96 , 9 1  
95 , 64 
96 , 02 
95 , 86 
96 , 66 
96 . 75 
96 , 72 
96 , 65 
98 , 76 
98 . 32 
96 , 96 
96 , 77 
97 , 23 
97 , 44 
96 , 83 
97 , 42 
99 , 32 
...-
0\ � 
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Water Qua l i ty Data 
.:-,:: . 6 5  
Parameter 7- 5- 84 7- 1 2-84 7- 19-84 7-24- 84 7- 31-84 8-7-84 8-1 4-84 8-21-84 8-28-84 9-4-84 9-1 1-84 9- 1 8-84 9-25-84 1 o- 2-84 10-9-84 1 0- 1 6-84 1 0- 2 3-84 10-D-H4 
1\Jtal Harctless 
(C£0 3) * *  
Wel ls  490 ( 2 ) * 490 ( 1 )  490 ( 2) 510 ( 3 )  480 ( 1 ) 480 ( 1 , 3) 480 ( 1 , 2) 4 50 ( 1 ) 490 ( 2 )  500 (2)  4 40 ( 1)  510 ( 3) 4 90 ( 2 )  510 ( 3) 500 ( 2) 500 ( 2) 590 ( 2) 4 70 ( 1) 
Treated 370 360 370 380 380 370 180 360 380 380 380 380 380 380 380 380 390 3 80 
Grave l Pi t 240 2 30 2 30 2 30 240 2 30 240 220 240 2 30 2 30  2 30 2 30 2 30 240 2 30 240 240 __ 
- Al kali  ni tr  
(CdCO J ) 
We l ls  ]00 310 300 300 320 310 no 320 300 300 3 30 no 300 - 300 300 300 300 3 1 0 
1'reated 1 80 1 90 1 80 190 190 180 1 70 1 90 1 80 1 80 1 90 1 90 190 190 1 80 1 80 190 190 
Grave l Pit  1 50 1 40 1 40 140 140 140 140 1 40 1 40 140 1 40 1 40 1 40 1 40 1 40 1 40 1 40 HO 
I ron 
� l l s  3 . 65 3 . 65 3 . 40 4 . 1 1 ). 52 2. 79 3 . 28 3 . 52 ) . 94 3 . 40 3 . 2H 4 . 49 1 . 79 4 . 49 ] . 52 3 . 94 ) . 9 4 L 6'> 
Tee a ted 0 . 0 3  0 . 02 0 . 0 3  0. 0 3  0 . 0 3  0 . 0 )  0 . 0 3  0 . 03 0 . 0 3 0 . 04 0 . 0 3  0 . 02 0 . 0 3  0 . 03 0 . 04 0 . 0 3 0 . 04 0 . 04 
Gravel Pi t 0 .. 1 6 0 . 0 ]  0 . 1 3 0. 0 ) 0 . 1 2 o . oo 0 . 06 0 . 1 3  O . lJ 0 . 06 0 . 08 0 . 06 0 . 04 0 . 1 8  0 . 29 0 . 2 2  0 . 20 0 . 2 1r 
Manganese 
\-k! 1 1 s 0 . 6 3  0 . 6 3  0 . 6 3  0 . 63 0 . 63 0 . 6 ]  0 . 62 0 . 58 0 . 6 3  0 . 63 0 . 58 0 . 68 0 . 6 ]  0 . 68 0 . 58 0 . 58 0 . 58 0 . 58 
Treated 0. 00 0. 00 0 . 01 0 . 00 0 . 01 0 . 00 0 . 00 0 . 00 0 . 00 0 . 01 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 
Gt·ave 1 Pi t 0. 05 0. 09 0 . 05 0. 05 0 . 09 0 . 09 0 . 09 0 . 05 0 . 05 0 . 05 0 . 09 0 . 1 3  0 . 05 0 . 20 0 . 25 0 . 25 0 . 27 0 .  L )  
1 - H  Un i ts  
We l l ::.  7 . 60 7 . 50 7 . 40 "/ . 40 7 . 40 7 . 40 7 . 40 7 . �0 '/ . 50 7 . 50 7 . 50 7 . 50 7 . 40 7 . 40 '/ . 40 7 . 30 7 . 30 '/ . 40 
Tr eatt.>d 8 . 1 0 8 . 1 0  8 . 1 0 8 . 10 8 . 1 0 8 . 00 8 . 1 0 8 . 1 0 8 . 1 0  8 . 00 8 . 1 0 11.1 0  8 . 00 8 . 00 8 . 00 7 . 90 7 . 90 8 . 1 0 
Cr-,IVe l  Pi l 8. 60 8. 50 8 . 40 8 . 40 8. 30 8 . ]0 8 . 20 8 . 20 I L 40 8 . 30 8 . 40 8 . 50 8 . 20 8 . 20 8 . 30 8 . 40 I L  1 0  8 . )0 
--
• \.Ad I O l ltb Jr in use at plant 
u u :  I u m<..'CIIl.rdl iou::. in n•J/1 cxocpt 1�1 
Wa t e r  q ua l i ty d a t a  f o r  samp l es c o l l e c t ed f rom c i t y  we l l s ,  t r ea t m e n t p J an t  a n d  � r;1v e l  p i t .  
C]\ C]\ 
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Stat i st i ca l Ana l ys i s  Data 
�:  67  
ANALYS I S  Of VARIANCE 
TOTAL HARDNESS 
Degrees of Sum o f  Mean 
Sources Freedom Squares Square 
Locat ion 2 585792 . 5926 292896.29 
Dates 17 3703 . 7037 217.86 
Error 34 4207 . 4074 123.74 
Tota l  53 593703.7037 
AL KALINITY 
Degrees of Sum o f  Mean 
Sources Freedom Squares Square 
Locat ion 2 266225.9259 13112.96 
Dates 17 837.0370 49 ; 23 
Error 34 1307.4074 38.45 
Tota l  53 268370.3703 
** - H igh ly s igni f icant d i f fe rence 
N.S . - Not s igni f icant 
F 
Value 
2366 . 89-;'d: 





Degrees o f  
Sources Freedom 
locat ion 2 
Dat es 17 
Error 34 
Tot al  53 
Degrees of 
Sources Freedom 
l ocat ion 2 
Dates 1 7  
E rror 34 
Tot a l  53 
Ana lys i s  of V a r i a nce 
( cont inued) 
I RON 
Sum o f  Mean 
Squares Square 
156 . 5081 7 8 . 254 
. 1 . 145 7 0.0673 
2 . 03 7 2  0 . 0599 
159 . 6909 
MANGANESE 
Sum o f  Mean 
Squares Square 
3.9025 1 . 9512 
0.02 7 2  0 . 0016 




1306 . 4 1')'(* 
1 . 12N.S. 
F 
Va lue 
84 7 . 29�'--* 
0 . 69N . S .  
Degrees o f  
Sources Freedom 
Locat ion 2 
Dat es 17 
Error 34 
Tot a l  53 
A n a l ys i s  of V a r i a nce 
(cont inued) 
pH 
Sum of  Mean 
Squares Square 
7. 7248 3.86 24 
0.3192 0.0187 
0. 1618 0 . 0047 
8.2059 
70 
F 
Value 
811. 37--�* 
3. 95** 
